The present work is an investigation of AC impedance behaviour of poly(meta-aminophenol). The polymer was prepared by oxidative chemical polymerization of meta-aminophenol in aqueous HCl using ammonium persulfate as an oxidant at 0-3 ∘ C. The synthesized polymer was characterized by GPC, Elemental analysis, UV-VIS-NIR, FT-IR, 1 H NMR, XRD, SEM, and TGA-DTA. The AC conductivity and dielectric response were measured at a temperature range from 303 to 383 K in the frequency range of 20 Hz to 10 6 Hz. The AC conductivity data could be described by the relation ac = , where the parameter " " and values decrease in the entire range of study and hence follow Correlated Barrier Hopping conduction mechanism. Both dielectric constant and dielectric loss increase with the decrease of frequency exhibiting strong interfacial polarization at low frequency and the dissipation factor also decreases with frequency. Complex electric modulus and dissipation factor exhibit two relaxation peaks, indicating two-phase structure as indicated by a bimodal distribution of relaxation process. The activation energies corresponding to these two relaxation processes were found to be 0.07 and 0.1 eV.
Introduction
Conducting polymers such as polyaniline, polythiophene, and polypyrrole are the subject of scientific interest due to their unique high electrical conductivity and numerous potential applications including rechargeable batteries, antistatic coatings, electromagnetic screens, anticorrosive materials and sensors. Among the conducting polymers, polyaniline attracts greater attention because of its chemical stability under ambient conditions, high electrical conductivity, and simple synthesis [1] . A derivative of polyaniline, aminophenols are interesting electrochemical materials since, unlike aniline and other substituted anilines, they have two groups (-NH 2 and -OH) which can be oxidized. Therefore, they can show electrochemical behavior resembling anilines and phenols. In polymerization of aminophenol, the relative position of amino and hydroxyl group is important [2] . In recent years, electrical, optical, and dielectric properties of conducting polymers like polyaniline and substituted polyaniline synthesized by chemical oxidation polymerization have been studied in great detail.
Impedance spectroscopy is a very useful technique in solid state electronic system, because it can resolve the conduction components by differentiating between the transports properties of complex systems [3] . The behavior of AC conductivity according to the frequency and the temperature generally follows a similar behavior in all disordered solids. This AC conductivity is often controlled by deep electronic states which one will find in the vicinity of the level of Fermi. At first order, the alternating electric field applied to the material will induce transition of charges on deep or shallow defect centres. Following the frequency, these charges could migrate at long range or short range distance in the material. The temperature will influence this AC conductivity particularly at long range distance where charges have time to be subject to the influence of the temperature [4, 5] . In the present work, poly(meta-aminophenol) (PMAP) was synthesized by chemical oxidation method and characterized by different spectroscopic techniques. An attempt has been made to investigate the AC conductivity and dielectric behavior of PMAP. Interesting results are observed from frequency-and temperature-dependent AC conductivity and dielectric response of the synthesized polymer at 0-3 ∘ C.
Experimental Method

Synthesis of Poly(meta-aminophenol)
. 0.1 M monomer and 1 M HCl were taken in a beaker containing 50 mL toluene. Polymerization reaction was started by dropwise addition of aqueous solution of APS {0.1 M APS in 100 mL distilled water} and the reaction was carried out for 12 h at 0-3 ∘ C with constant stirring. Polymerization was stopped by addition of 50 mL methanol. The PMAP precipitated was filtrated and washed with excess amount of water, methanol, and acetone to remove excess of HCl and APS. The powder of PMAP was then dried at 50 ∘ C for 24 h. Based on our observation as well as spectral and elemental analyses of the synthesized polymer we have proposed a polymerization reaction as shown in Scheme 1.
2.2.
Characterization. Molecular weight of PMAP was determined by gel permeation chromatography using Styragel columns and a refractive detector (Waters, model R 4000) with THF as the mobile phase. Carbon-hydrogen-nitrogen analysis of PMAP was carried out by a microanalytical technique using an Elementar Vario EL 3 elemental analyzer. UV-VIS-NIR spectra of PMAP dissolved in DMSO solvent and were obtained using Varian, Cary-5000 spectrophotometer in the range of 200-2500 nm. The FT-IR spectrum of PMAP was recorded by Thermo Nicolet, Avatar 370 Spectrophotometer. The spectrum of the dry polymer powder in KBr pellet was recorded from 500 cm −1 to 4000 cm −1 . 1 H NMR spectra of PMAP were recorded in a Bruker (600 MHz) instrument using d 6 -DMSO as solvent. X-ray diffraction (XRD) scan was done with Bruker AXS D8 Advance diffractometer at room temperature using Cu K ( = 1.5406Å). The 2 angle range was from 0 ∘ to 70 ∘ . Scanning Electron Microscopy (SEM) was obtained by JEOL JSM 6390LV for PMAP.
Thermogravimetric analysis (TGA-DTA) was carried out in nitrogen atmosphere at a heating rate 10 ∘ C/min up to 750 ∘ C temperature by Perkin Elmer, Diamond TG/DTA analyzer.
The electrical characterization measurements were made in the temperature range 303 to 383 K by the complex impedance method. The impedance measurements were carried out on the powder samples, which were made into circular pellets of 8 mm diameter at a pelletizing pressure of 5 ton cm −2 , using a Hewlett Packard model HP 4284A Precision LCR Meter in the frequency range 20 Hz to 10 6 Hz by placing the sample pellets in between two silver electrodes. Complex impedance and modulus spectral formalisms were employed for the analysis of these data. The electrical conductivity ( ac ) of the polymer was estimated using the relationship
where is the thickness of the sample, is the area of cross section, and is the bulk resistance of the sample.
Results and Discussion
Molecular Weight and Elemental
Analysis. The molecular weight of the soluble portion of the PMAP was determined by gel permeation chromatography performed in THF. The number-average molecular weight ( ), weight-average molecular weight ( ), and poly dispersity index ( / ) values were found to be 56663, 60455, and 1.06, respectively. The chromatogram was unimodal and has no traces of monomers, oligomers or high molecular masses. The polymerization process provided polymer with poly dispersity index is 1.06, this value demonstrated that no cross-linking or other by-products originating from parasitic reactions were present [6] . The elemental analysis data of PMAP contains carbon 53%, hydrogen 4.3%, nitrogen 8.2%, and sulfur 0.7%. Elemental analysis result indicates some sulfur incorporates in PMAP due to the salt formation of liberated sulfuric acid from the reduction of oxidant APS with -N-present within the polymer chain [7] .
UV-VIS-NIR Analysis.
The UV-VIS-NIR absorption spectrum of PMAP was recorded in DMSO as shown in Figure 1 . The absorption spectrum shows two distinct absorption peaks at around 289 and 585 nm. The first absorption peak at 289-310 nm (4.29-4.0 eV) is assigned to the - * transition which is related to the extent of conjugation length. The second absorption peak at 571-610 nm is assigned to - * transition between the HOMO orbital of the benzenoid ring and the LUMO orbital of the quinoid ring. It is sensitive to the overall oxidation state of the polymer [8] . In addition, the band at 850 nm (1.45 eV) has been assigned to −NH + 2 species which is generated on doping and a correlation between the intensity of this peak and the conductivity of the sample seems to exist [9] .
FT-IR Analysis.
The representative FT-IR spectrum of PMAP is shown in Figure 2 . A broad peak that appears in the region 3700-1850 cm −1 is due to the stretching of aromatic C-H, hydrogen bonded -OH, and -NH-groups. The -OH group is hydrogen bonded with nearest nitrogen of -NH group present in the polymer chain through the H 2 O molecule present in the sample. So -OH absorption peak appears at about 3410 cm −1 as a broad peak. The peak at 1610 cm −1 is attributed to a mixture of the C=C and C=N stretching vibrations in the quinoid ring, whereas the peak at 1516 cm −1 is assigned to the C=C stretching vibrations in the benzenoid ring. The peak appears at 2362 cm −1 which is the characteristics stretching band for C=C=N or C=C=O [10] . The peak at 1289 cm −1 is assigned to the C-N stretching vibrations of the second aromatic amine, indicating the formation of a C-N-C structure in the polymer, whereas a peak at 2923 cm −1 is assigned to stretching vibrations of C=C in phenyl ring [11] . The peak at 1140 cm −1 is ascribed to the stretching of the C-O-C linkages and further supports that the meta-aminophenol changed into PMAP. The peaks between 900 and 600 cm −1 correspond to C-H bending of an aromatic ring substitution.
3.4.
1 H NMR Spectrum. The 1 H NMR spectra of PMAP recorded in d 6 -DMSO are shown in Figure 3 . The protons present in -CH 3 group of DMSO appear at 2.5 and a broad peak appears at 3.4 due to the protons present in the water molecule, which is present in the sample as well as in the solvent. The signals observed in the region of 6.2-7.8 correspond to the protons of the aromatic rings. The terminal -NH 2 groups in the compound give a very weak peak at 5.6 as singlet [7] . Again other two singlet peaks are present at 9.1 and 9.36 for the groups -NH-and hydrogen bonded -OH group, respectively. This NMR result is in agreement with that of UV-VIS-NIR and FT-IR spectrum of PMAP.
XRD Analysis and
Morphology. XRD pattern shows that the PMAP is highly crystalline as shown in Figure 4 . It is ∘ arises from the scattering perpendicular to the chain direction [12] . The higher degree of crystalline or more ordered structural pattern in PMAP is due to the presence of strong interchain hydrogen bonding as well as electrostatic (dipole-dipole) interactions involving both amine and phenolic groups present in the polymer chain. The d-spacing corresponding to the highest intense crystalline peak was determined by the Debye-Scherrer (powder) method using Bragg's relation [13] , and it is found to be 3.34Å. The mean crystallite size measured using Scherrer's formula [13] is found to be 61 nm. The lattice strain value was calculated using Williamson-Hall (W-H) formula [14] and found to be 3.72 × 10 −3 . The inter-chain separation length [13] corresponding to the highest intense crystalline peak is calculated and the value is 1.23Å.
The micrograph reveals a flaky-like feature with few globular structures which is seen in the SEM image as shown in Figure 5 . The photograph of PMAP reveals crystalline as well as amorphous regions. The crystalline regions with sharp edged particles and lamellar sides were found to be interspersed in the amorphous regions consisting of particles with no well-defined shapes. This result was supported from the XRD pattern of PMAP. The crystalline morphology may result from intramolecular hydrogen bonded with amino phenol units.
Thermogravimetric and Kinetic Analysis.
The TGA and DTA thermograms of PMAP are shown in Figure 6 and exhibit a four-stage decomposition pattern. In the first stage mass loss (wt. 3.4%) observed from 60 to 120 ∘ C indicates loss of water molecules, adsorbed moisture, free acids, and volatile molecules in polymer matrix. The second stage mass loss (wt. 195 to 298 ∘ C because loss of dopant has been reported in the temperature range 200 to 300 ∘ C for polyaniline and its derivatives doped with different types of acidic dopants [15] . The fourth mass loss (wt. 57.5%) step occurs between 390 and 463 ∘ C. In this final step, the skeletal polymer chain structure decomposes after the elimination of the dopant from the polymer structure. The first exothermic peaks at 45 to 70 ∘ C in the DTA curve correlates to the loss of adsorbed HCl and moisture in the TG study. The two endothermic peak at 198 and 285 ∘ C can be attributed to the morphological changes and disruption of inter-and intra-molecular hydrogen bonding and loss of dopants. The second broad exotherm denoting the final degradation step occurs around 470 ∘ C. Thermal degradation kinetic parameter was evaluated from TGA curves using Coats-Redfern [16] and Broido's [17] methods. For the sake of calculations and to know the nature of the decomposition, the complete thermogram was divided into distinct sections according to their degradation processes. Coats-Redfern (CR) relation is
where is the fraction of sample decomposed at temperature , is the derivative peak temperature, is the frequency factor, is the heating rate, is the activation energy, and is the gas constant. Mathematical expression of Broido's (BR) method is log (− log (1 − )) = − ( 2.303
where (1− ) is the fraction of number of initial molecules not yet decomposed and is the peak temperature of derivative curve of TGA. The plots of log(− log(1 − )/ 2 ) versus 1/ (CR) and log(− log(1 − )) versus 1/ (BR) for PMAP are shown in Figures 7 and 8 , respectively. These plots follow 
AC Conductivity.
It is a well-known fact that frequencydependent complex conductivity in case of disordered materials such as polymers can arise from interfacial polarization at contacts, grain boundaries, and other inhomogeneities present in the sample. The ac conductivity of insulator/ conductor polymers has been modelled by a resistancecapacitance network, where the conducting dispersants are represented as a resistors and the dielectric constant of the insulating matrix is represented by capacitors [18] . The complex impedance plots for PMAP measured at temperatures ranging from 303 to 383 K in the frequency region 20 Hz to 10 6 Hz are shown in Figure 9 . The point of intersection of the impedance plot on the real axis gives the bulk resistance of the polymer. It can be seen from Figure 9 that as the temperature is increased, the point of intersection is shifted towards the origin. In other words, as the temperature increases the intersection is found to shift towards higher frequency. Hence, it is evident that the bulk resistance of the polymer decreases with the increase in temperature, resulting in the enhancement of electrical conductivity at higher temperatures. The temperature-dependant conductivity value for PMAP reveals that the conductivity increases with temperature. The increase in conductivity with increase in temperature is the characteristic of "thermal-activated behavior" due to the increased efficiency of charge transfer between polymer chains with the increase in temperature [19] . The temperature-dependent conductivity data obtained for PMAP over the temperature range 303 to 383 K are shown in Figure 10 , in the form of plots of log versus 1000/ where denotes the conductivity and the absolute temperature. It is interesting to note from Figure 10 that the value of electrical conductivity ( ) increases with increasing temperature as in the case of polymers obeying the Arrhenius relationship,
where 0 denotes the preexponential factor, denotes the energy of activation for conduction, and is the Boltzmann constant. The activation energy was calculated from the slope of the observed linear plot drawn by the least square method and was found to be 0.11 eV. The low activation energy for this polymer is attributed to the enhancement of the electronic jump between the localized states as found for other materials [20] .
To investigate the nature of frequency-dependent AC conductivity, the plot of log( ) versus log( ) with in a frequency range 20 Hz to 10 6 Hz over the temperature range 303 to 383 K is drawn and the results are shown in Figure 11 . A frequency-dependant electrical conductivity ac ( ) has been observed in many semiconductors, insulators, and also in inorganic and polymeric organic materials. The charge transport measurements in these disordered solids will provide information about the electronic structure of [19] . The frequency dependence of the alternative current (ac) conductivity follows a power law behavior.
( ) or the total AC conductivity can be represented by the following equation:
where is the angular frequency, dc is the independent frequency conductivity or DC conductivity, is the constant dependent on temperature , and is an exponent dependent on both frequency and temperature with values in the range 0 to 1. This type of behaviour was noted by Jonscher, who called it the "Universal Dynamic Response" (UDR) [21] because of a wide variety of materials that displayed such behavior. From Figure 11 , a linear increase in conductivity with frequency is noticed and the value of the frequency exponent , estimated from the slope of the log( ) versus log( ), which are fully consistent with the power law. The dc conductivity value has also been calculated by extrapolating the ac conductivity data to zero frequency region and both and dc conductivity values are presented in Table 1 . The dc conductivity increases as increasing with temperature. The temperature dependence of for PMAP ( Table 1) shows clearly that decreases with the increase in the temperature. According to the Quantum Mechanical Tunneling (QMT) model [4] the exponent is almost equal to 0.8 and increases slightly or does not increase with the increase in the temperature. Therefore, the QMT model does not allow being in agreement with the values which were obtained for in PMAP. According to the Overlapping Large Polaron Tunneling (OLPT) model [22] , the exponent is both temperature-and frequency-dependent. decreases with increasing temperature from unity at room temperature to a minimum value at a certain temperature, and then it increases with increasing temperature. Therefore, the OLPT model is also not applicable to our results in this temperature range. According to the Correlated Barrier Hopping (CBH) model, the values of the frequency exponent extend from 0.6 to 1 and prove to decrease with the increase in the temperature [23] . This model is in good agreement with our experimental results suggesting that the electrical AC conduction mechanism of PMAP at investigated temperature (303 to 383 K) can be explained by charge-carrier hops between sites over the potential barrier separating them. The frequency exponent for such model is given by the following equation [24] :
where is the height of maximum barrier (or binding energy) and is the relaxation time.
is calculated from the linear line slope which is between 1 − and . A value of = 0.19 eV is obtained for PMAP.
Dielectric Properties.
The dielectric properties of conducting polymers are one of the main focus points of research because of their novel technological applications. It is well established that the polymers, as dielectric materials, are excellent host matrices and also provide environmental and chemical stability [25] . The real part ( ) of the dielectric function ( * ) has been calculated from the measured values of capacitance using the following formula:
where is the measured capacitance of the sample, is the thickness of the sample, is the area of the pellet, and 0 is the permittivity of free space. The imaginary part ( ) of the complex impedance has been measured as
where tan is the dissipation factor. Figures 12(a) and 12(b) depict the variation of dielectric constant ( ) and dielectric loss ( ) as a function of frequency for PMAP, respectively, in the temperature range of 303 to 383 K. The dielectric constant of the PMAP decreases moderately with frequency. As the frequency increases, the charge carriers migrating through the dielectric get trapped against a defect site and induce an opposite charge in its vicinity, as a result of which they slow down and the value of dielectric constant decreases moderately [26] . It is interesting to observe that the dependence of loss factor with the frequency of PMAP (Figure 12(b) ) which decreases sharply with increase in frequency. The larger value of the loss factor or dielectric loss at low frequency could be due to the mobile charges within the polymer matrix. At high frequency, periodic field reversal is so fast that there is no excess ion diffusion in the direction of electric field [27] . Polarization due to charge accumulation decreases, leading to the decrease in the value of loss factor. Generally it is believed in dielectric analysis that the high frequency dielectric constant is mainly associated with dipolar relaxation, whereas at lower frequency and higher temperature, the contributions of interfacial polarization and dc conductivity become more significant in both and . Figures 13(a) and 13(b) show the isothermal and isochronal dependence of on the frequency and temperature for PMAP, respectively. It exhibits two peaks in both isothermal and isochronal plots, indicating clearly two different relaxation processes. The appearance of two relaxation peaks may be considered to be due to the two-phase structure in the polymer. The lower frequency peak can be attributed to the phase of oxidized repeat units (quinoid) and the higher frequency peak to the phase of reduced repeat units (benzenoid) of PMAP [28] . The positions of the two relaxations peaks do not change strongly with temperature. The position of the characteristic relaxation frequency, max , in plots of versus log depends upon the conductivity relaxation time, according to the expression max = 1/2 . Relaxation time ( ) is a temperature-dependent factor and it decreases as the temperature increases as shown in Table 1 . Figure 14 : Arrhenius plot of relaxation frequencies with temperature corresponding to the two peaks observed from the plots of versus log .
It is observed that the isothermal peaks (Figure 14 (a)) shift towards higher frequency when temperature is increased and similarly the isochronal peaks ( Figure 13 (b)) shift towards higher temperature when the frequency is increased. Therefore, the activation energy ( ) of these relaxation processes can be estimated from plots of log max versus 1/ (from isothermal plots) or log versus 1/ max (from isochronal plots). These plots are straight lines in accordance with the Arrhenius equation. The activation energy value estimated from isothermal plot ( Figure 14 ) for first and second relaxation processes is found to be 0.07 and 0.1 eV, respectively. The height of the peak corresponding to the relaxation of the reduced units (higher frequency) is significantly lower than the peak corresponding to the oxidized unit. The complex plane diagram of the electric modulus for PMAP is illustrated in Figure 15 . PMAP clearly exhibits two arcs corresponding to two relaxation processes at different temperatures ranging from 303 to 313 K, as also observed in (log ) or ( ). The arcs initiate from the origin and spread to different values of depending upon the temperature. These curves do not form semicircles, which could correspond to the idealized Debye model with double relaxation time. They rather possess a shape of deformed arcs with their centres positioned below the horizontal axis.
The reduced plots of / max versus log( / max ) at different temperatures provide additional information regarding the molecular heterogeneity of the polymer. Figure 16 illustrates reduced plot for PMAP and shows that the distribution of relaxation times is nearly the same over the temperature range from 303 to 383 K. The shape of the reduced modulus spectra at different temperatures clearly signifies the temperature independence of the distribution of relaxation times (DRT), in view of the heterogeneous nature of the present polymer. The physical significance of the temperature-independent DRT is that the distribution of conductivities in the polymer is temperature independent [29] . The dissipation factor, tan , recorded as a function of frequency and temperature for PMAP is shown in Figures  17(a) and 17(b) , respectively. The loss tangent decreases with increasing frequency. As noted earlier, high loss at low frequency in loss tangent may be attributed to DC conduction losses as in the case of dielectric constant and dielectric loss. At higher frequencies PMAP exhibits almost zero dielectric loss which suggests that this polymer is lossless material at frequencies beyond 10 5 Hz. The frequency and temperature dependence loss tangent, however, revealed two relaxation peaks as shown in Figures 13(a) and 13(b) . The first relaxation being the low temperature process may arise due to inhomogeneities present in the polymer. The second relaxation process at higher temperature is attributed to the increase in the barrier potential resulting from the decrease in polymer conjugation due to increased movement of the chain segments [30] .
Conclusion
Poly Meta Aminophenol has been successfully synthesized by chemical oxidative method at 0-3 ∘ C and characterized by different spectroscopic techniques. The characterization by UV-VIS-NIR, FT-IR, and 1 H NMR suggests the formation of quinoid and benzenoid rings which confirmed the formation of polymer. The XRD and SEM studies reveal that the morphology of PMAP is partially crystalline and amorphous nature. It was observed from thermal analysis that PMAP exhibits four-step decomposition patterns. The frequencydependent electrical parameters, such as impedance, AC conductivity, dielectric constant, dielectric loss, and electric modulus for PMAP, have been investigated within the range of 20 Hz to 10
6 Hz over the temperature range of 303 to 383 K. Ac conductivity increases moderately with temperature and obeys the power law of frequency. The temperature variation of frequency exponent suggests that the ac conductivity can be described by CBH mechanism. The dielectric constant and dielectric loss decrease with an increase in frequency. The electric modulus and dissipation factor recorded as a function of frequency and temperature display two relaxation processes. At higher frequencies PMAP exhibits low dielectric loss, which suggests that PMAP is lossless material at frequencies beyond 10 5 Hz.
